INTRODUCTION
The subsurface hides an invisible but enormous amount of living biomass. Comparing the prokaryotic biomass of the most prominent habitats of our biosphere, Whitman et al. (1998) underlined the outstanding importance of marine and terrestrial subsurface systems. Based on their data, 92 to 95% of the earth's prokaryotic biomass exists in the subsurface. Estimates by Gold (1992) indicate that the subsurface may harbor almost the same amount of total biomass as, or even more than, surface ecosystems. In the context of strong human impacts on the environment, the high purification potential of groundwater ecosystems is of increasing interest and importance. This purification service is almost exclusively provided by indigenous micro-ABSTRACT: We used specially designed microcosms filled with natural substrate to study microbial colonization in a shallow aquifer. Sterilized sediments were exposed to 3 types of groundwater varying in physical, chemical and biological characteristics: (1) pristine groundwater (site PI 92); (2) groundwater in an observation well at a pristine site (OMV 11); and (3) contaminated groundwater at a landfill site (OMV 5) . The number of suspended bacteria was always highest at the landfill site ). Sediments in the microcosms were rapidly colonized and the total number of attached bacteria after 10 mo of exposure was highest at the landfill site (1.8 ± 0.4 × 10 8 cells cm ) and in pristine groundwater (5.0 ± 1.5 × 10 7 cells cm -3 ). As estimated from image analysis, attached cells from the landfill site were on average characterized by higher cell carbon contents (28 ± 36 fg C cell ). The ratio of attached to suspended bacteria after 10 mo of exposure was highest in the microcosm incubated in pristine groundwater (1657:1) and lowest at the contaminated site (59:1). On the basis of our results we emphasize the importance of attached microbial communities in porous subsurface systems and underline the need for groundwater as well as sediment samples for a serious microbiological characterization of the subsurface. Furthermore, the ratio of attached to suspended bacteria in shallow aquifer systems is suggested to be an indicator of prevailing nutrient concentrations.
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Resale or republication not permitted without written consent of the publisher organisms. Nevertheless, because of the inaccessibility of the subsurface, our knowledge about the underground microbial community, its ecology and its role in turnover of matter is still poor.
Groundwater studies often focus on chemical and biological characteristics of the water pumped from the aquifer. In recent publications, however, it turned out that sediment porewater samples are not sufficient to describe the microbiology of saturated subsurface sediment systems (Alfreider et al. 1997 , Lehman et al. 2001a . Suspended bacteria seem to contribute only 0.01 to 10% of the total bacterial community or biomass in pristine and contaminated aquifers (Marxsen 1982 , Harvey et al. 1984 , Kölbel-Boelke et al. 1988 , Hazen et al. 1991 , Alfreider et al. 1997 , while most of the bacteria are associated with particles. Consequently, biofilm communities are supposed to control the flux of matter in the subsurface. Nevertheless, studies focusing on the distribution of microorganisms in the saturated subsurface are scarce (Marxsen 1982 , Harvey et al. 1984 , Kölbel-Boelke et al. 1988 , Hazen et al. 1991 , Amy et al. 1992 , Godsy et al. 1992 , Albrechtsen 1994 , Alfreider et al. 1997 , Bekins et al. 1999 , Lehman et al. 2001b , which is mostly due to difficult access to subsurface samples. In general, sampling of sediment requires expensive mining and drilling activities (Wilson et al. 1983 , Griffin et al. 1997 , Russell 1997 . Furthermore, these techniques do not allow repeated sampling of a single site (same borehole) and thus one does not have the chance to study attached microbial communities over time in situ, which is a drawback of sediment studies in general. To overcome these problems, attempts have been made to develop alternative techniques, such as the exposure of substratum to groundwater. The development and fate of biofilms or microbial colonization was studied via introduction of sterilized material such as glass slides or beads (Claret 1998a,b) and sediments of different grain size (Marxsen 1982 , Hirsch & Rades-Rohkohl 1990 , Doig et al. 1996 , Alfreider et al. 1997 ) into permanently installed groundwater wells. Since the composition and activity of microbial communities in well water were shown to differ significantly from those of the adjacent aquifer porewater (McNabb & Mallard 1984 , Hirsch & RadesRohkohl 1988 ), pronounced differences may also be expected to occur when attached microbial communities from aquifers and embedded wells are compared. Furthermore, microbial colonization on artificial material (e.g. glass slides and beads, silica particles, metallic surfaces, plastic substrata) is not directly comparable to the attachment of microbes and the subsequent development of biofilms on sediment particles and other natural surfaces present in the environment (Bengtsson 1989 , Scholz & Boon 1993 , Bennett et al. 2000 .
In situ techniques for the investigation of subsurface microorganisms are scarce. Shati et al. (1996) described small chambers (microcosms) equipped with semi-permeable membranes that can be supplied with single bacterial strains or microbial communities and introduced to certain depths into the subsurface within multi-level groundwater wells. The crucial point in these investigations is to follow the physiological response of the microorganisms exposed to groundwater under in situ conditions. A different kind of in situ microcosm, based on the inclusion of natural subsurface material by a sediment catcher at the bottom of a pre-drilled borehole, was described by Nielsen et al. (1996) . The encased sediment remains at the site and can then be loaded with organic contaminants and/or inorganic nutrients. Subsamples can be taken frequently for sediment porewater to follow in situ degradation of contaminants. The sediment matrix and its associated microbes can only be examined at the end of each experiment.
To study the development and fate of biofilms in subsurface sediment systems, we developed an in situ sediment exposure microcosm (ISSEM), a simple and inexpensive tool that allowed us to follow the microbial colonization of natural sediments in situ. Microcosms were exposed to pristine groundwater, water in a groundwater observation well and contaminated groundwater at a landfill site. This paper presents data on the distribution and size of bacteria between the surface of sediment particles and the porewater in groundwater environments differing in conditions.
MATERIALS AND METHODS
Site description. The investigated aquifer is located near the villages of Anif and Niederalm (13°54' E, 47°45' N) south of the city of Salzburg, Austria. Microcosm experiments were performed using 3 multi-level groundwater monitoring wells established in 1987 (wells OMV 5 and OMV 11) and 1992 (well PI 92) on behalf of the local county of Salzburg. These wells are part of a dense net of groundwater observation wells within and surrounding a small landfill. Well OMV 11 is located upgradient and well PI 92 downgradient of the landfill with respect to the proposed groundwater flow direction, while well OMV 5 is located in the center of the landfill area (Fig. 1) . The aquifer is formed by alluvial quaternary sediments. A rough vertical sediment distribution can be outlined as follows: from the soil horizon to a depth of 1.5 m, a sandy and gravelly humus soil layer is found. The underlying sediments are gravel and sand deposits, which have distinct layers (i.e. 1.5 to 5, 5 to 20, 20 to 50 m) defined by decreasing mean grain sizes with depth (from coarse gravel with some sand content to smaller gravel with a high content of sand and silt) (OMV Corp. 1987) .
The Anif landfill originates from a gravel production during the years 1970 to 1977. The resulting gravel pit was continuously refilled with rubbish, debris, barrels and car wrecks between 1975 and 1983. Today the landfill covers an area of 90 000 m 2 . A humus and compost soil layer on top is followed by rubbish to a mean depth of about 12 m (maximum 18 m), where it meets the quaternary sediments. The landfill is only partly sealed to the adjacent aquifer.
Exposure of sediments and groundwater sampling. The ISSEM was modified from a double-packer groundwater sampler introduced by Danielopol & Niederreiter (1987) for the exposure of sediments to 'true' groundwater (in contrast to well water). The ISSEM consisted of a cylindrical stainless metal sieve (r = 2.5 cm, h = 15 cm, 600 µm mesh size), which in our case was filled with heat-sterilized (450°C, 4 h) coarse sand (grain size 600 to 2000 µm) originating from a small brook with a geologic background similar to that of the aquifer material. Two inflatable rubber packing rings fixed the microcosms within the multi-level monitoring wells (inner diameter 6 cm) at a depth of 7 m beneath the soil horizon. The inflated rubber rings separated the incubated sediments from well water (Fig. 2) , and an electric peristaltic pump maintained a moderate but permanent flow of aquifer porewater through the microcosm of about 200 ml d , which equates to a porewater residence time of half a day. The exposed substratum was therefore permanently in contact with fresh groundwater. At well OMV 11, the rubber packing rings were not inflated and the sediment was therefore exposed to well water. Sediment porewater from the microcosm (300 ml) was sampled by simply collecting the pumped groundwater after the dead volume of the tubings (~70 ml) was quickly replaced (pumping rate 35 ml min -1 ). The first 100 ml of the sample was used for the determination of physical-chemical parameters (temperature, pH, specific conductivity, dissolved oxygen) with field sensors (WTW), and the remaining 200 ml porewater was used for microbiological investigations. The subsequent groundwater, which was pumped fresh from the aquifer (~0.5 to 1 l), was used for chemical analysis. Thereafter, sediment was subsampled during a short retrieval of the ISSEM from the well. Microcosms PI 92 and OMV 5 were temporarily (PI 92: 12 October to 7 December; OMV 5: entire investigation period) equipped with a sensor for hydrostatic pressure and temperature connected to a datalogger system. Field microcosm studies took place between September and December 1998 and exposed sediments were subsampled in 2 wk intervals for a total of 14 wk. An additional and final sampling of the ISSEM, which was left in the subsurface for another 6.5 mo, was performed in June 1999.
Chemical analysis. Major anions and cations were analyzed by ion chromatography in a single column mode (IC 120, Dionex) .
The volatile monoaromatic compounds benzene, toluene, ethylbenzene and xylene (BTEX) and halo- wells not sampled in this study genated organic compounds (HOC) were quantified from headspace analysis with a gas chromatograph (model 5890 Series II, Hewlett Packard) equipped with a flame ionization detector and a fused silica capillary column (optima δ-3; length 60 m, inner diameter 0.32 mm, film thickness 0.35 µm, MachereyNagel). Bacterial abundance and biomass measurements. Ten milliliters of pristine or 1 ml of contaminated sediment porewater was subsampled in duplicate for total bacterial counts following the protocol of Porter & Feig (1980) . The total number of attached bacteria was determined in duplicates as follows: 1 cm 3 of sediment was carefully washed with bacteria-free (0.2 µm) sample water to replace remaining sediment interstitial water and suspended cells. Attached bacteria were released from particle surfaces by shaking and sonicating the sediment samples in the presence of 100 mM tetrasodium pyrophosphate. A 90% recovery of initially attached cells was demonstrated for coarse sand samples (Griebler et al. 2001) . The same sediment type was used in this study; thus, total bacterial counts were corrected by a factor of 1.1. Cells were stained with 4', 6-diamidino-2-phenylindole (DAPI) and SYBR Green II as fluorescence dyes, counted under the epifluorescence microscope and measured by image analysis. Cell-length and -width measurements were used for an automatic calculation of the cell biovolumes (Posch et al. 1997) . Conversion factors given in Loferer-Krößbacher et al. (1998) were applied for carbon content calculations. At least 200 cells of each sample were recorded. To provide a direct comparison of the number of attached versus suspended bacteria, cell counts are expressed on a volume basis. As the porosity of our coarse sand fraction was determined to be 40%, values of unattached bacteria cm -3 represented the number of cells suspended in 400 µl of sediment porewater. The wet weight of 1 cm 3 of sediment was about 2 g, which equaled approximately 1.6 g dry weight.
Statistical analysis. Statistical analysis was performed using the Jandel Sigma Stat 2.0 software package. Individual data points or series were compared to each other by simple t-tests. Correlation analysis was performed by means of a Spearman rank correlation matrix. 
RESULTS

Physical and chemical conditions at the 3 investigation sites
Physical and chemical parameters at the pristine sampling sites OMV 11 and at PI 92 were significantly different from the landfill site OMV 5 (t-test, p < 0.001, n = 8), with temperature being the only exception. No significant differences could be detected between OMV 11 and PI 92, apart from slightly higher nitrate concentrations at PI 92 (t-test, p < 0.001, n = 8; Table 1 ). In general, OMV 11 and PI 92 both showed features typical of shallow pristine groundwater sites, i.e. sufficient oxygen and low nutrient concentrations. Nevertheless, HOC and monoaromatic hydrocarbons (benzene, toluene and m-/p-xylene) were detected once in trace amounts, but were below the legal limit concentrations for groundwater (FSPO 1999) . The landfill aquifer exhibited hypoxic conditions during the first 8 wk of our study with oxygen concentrations between 0.1 and 0.3 mg l -1 . From November onward, oxygen concentrations slightly increased to between 1.1 and 2.1 mg l -1
. At OMV 5, significant positive correlations were observed between the oxygen concentration, groundwater table fluctuations (Spearman rank correlation, R = 0.829, p < 0.05) and groundwater temperature (R = 0.812, p < 0.05), respectively. The groundwater at the landfill was further characterized by high concentrations of ammonium, sulfate and dissolved organic carbon (DOC) ( Table 1 ). The total amount of organic contaminants (HOC, BTEX) was significantly higher than at PI 92 and OMV 11 (Student's t-test, p < 0.05), but still at very low concentrations (Table 1) . Rainfall had a marked influence on groundwater table fluctuations at all investigation sites, and therefore a strong positive correlation to groundwater temperature until the middle of October (warm season) and a negative one with the beginning of the cold season was observed (Fig. 3) . At the landfill site, groundwater table fluctuations of more than 1.5 m occurred within 24 h, and a maximum temperature change of 4°C within 2 h could be detected after heavy rainfalls at a depth of 7 m beneath the soil horizon and 3 to 4 m below the groundwater table. Fluctuations observed in the surrounding aquifer during the same time were at most a few centimeters and a few tenths of a degree Celsius (Fig. 3) .
Bacteria from sediment porewater
The pristine groundwater from PI 92 was characterized by significantly lower bacterial densities with a mean ± standard deviation (SD) of 4.1 ± 1.3 × 10 4 suspended cells cm -3 of sediment, compared to the well water from OMV 11 with a mean of 2.5 ± 3.0 × 10 5 cells cm -3 (t-test, p = 0.001) during sampling from Weeks 0 to 40. The bacterial cell density at the landfill site was 4.0 ± 4.2 × 10 6 suspended cells cm -3 of sediment and therefore on average 96 and 16 times higher than at PI 92 and OMV 11, respectively (Fig. 4A) . Again, there was a significant difference between counts from PI 92 and OMV 5 (t-test, p < 0.001), but no difference between OMV 11 and OMV 5 (t-test, p = 0.965). No clear relationship was observed for bacterial counts and physical and/or chemical parameters determined at the 3 sampling sites, apart from OMV 11, where the changes in suspended bacteria were positively correlated with groundwater table fluctuations (Spearman rank correlation, R = 0.723, p < 0.05); i.e. an increasing groundwater table went along with higher counts of suspended bacteria.
Colonization of sediment
At the pristine sites PI 92 and OMV 11, the number of attached bacteria increased continuously and rapidly with time, reaching a clear maximum after 6 wk of sediment exposure (Fig. 4B) . After this peak, counts of attached bacteria dropped and balanced at values preceding the peak (Week 4). These values remained constant for the rest of the 14 wk investigation period. An additional sampling after 10 mo revealed a further 2.5-and 3.8-fold increase in the number of attached bacteria at PI 92 and at OMV 11, respectively, compared to preceding values at Week 14 (Fig. 4B) . Final values of attached cells were 5.0 ± 1.5 × 10 7 cells cm -3
at PI 92 and 1.5 ± 0.5 × 10 8 cells cm -3 at OMV 11. A positive correlation between the number of attached bacteria from OMV 11 and PI 92 underlined the obviously similar colonization patterns (Spearman rank correlation, R = 0.857, p < 0.01). After 14 wk of exposure, sediment incubated in landfill groundwater (OMV 5) contained 8.6 times and 5.4 times more attached bacteria than sediments incubated in well water (OMV 11) and pristine groundwater (PI 92), respectively. The peak in cell counts observed at PI 92 and OMV 11 was also detected at the landfill site OMV 5, but in this case the number of attached bacteria increased stepwise, with a later maximum after 10 wk of sediment incubation (Fig. 4B) . Subsampling of the microcosm sediments at OMV 5 after 10 mo found no significant changes in . Cell-size patterns of attached bacteria, which were determined for samples from Weeks 2 to 14, showed that the cells from the landfill site OMV 5 were on average longer than cells from the pristine sites PI 92 and OMV 11 (t-test, p < 0.001, n = 7; Table 2 ). No significant differences were detected in cell-width dimensions (Fig. 5A) . As a result of cell-size differences, the mean cell carbon content of attached bacteria was found to be significantly higher at the landfill site than at PI 92 (t-test, p = 0.038, n = 7), but not significantly different from OMV 11. The highest carbon content were calculated for attached bacteria from OMV 5, with 27.7 ± 35.6 fg C cell -1 , followed by the well water bacteria, with 23.7 ± 23.4 fg C, and the bacteria from PI 92 sediment, with 20.9 ± 22.8 fg C cell -1 (Fig. 5B , Table 2 ).
Attached versus unattached bacteria
Ratios of attached to suspended bacteria were clearly different between the 3 microcosms. Nevertheless, a statistically significant difference was found between PI 92 and OMV 5 ratios only (t-test, p = 0.006). After 10 mo of sediment exposure, the highest values were obtained at the pristine groundwater site PI 92, with a ratio of 1657:1, followed by the well water site at OMV 11, with a ratio of 785: 1, and the lowest ratio of 59:1 at the landfill site OMV 5 (Fig. 6) . As can be seen in Fig. 6 , the pattern of the ratio curves were similar over time in all microcosms, with a maximum peak after 6 wk of incubation. While OMV 5 and OMV 11 remained more or less constant thereafter, the ratio at PI 92 increased again from ~500 to 1657 from Week 14 to Week 40. 
DISCUSSION
Abiotic environmental conditions at the investigation sites
The sites OMV 11 and PI 92, which are located upgradient and downgradient from the actual landfill area, appeared to be typical oligotrophic, pristine groundwater sites in terms of basic physical and chemical variables (Table 1 ). In contrast, the landfill site OMV 5 was characterized by high DOC values accompanied by low oxygen concentrations (Table 1) , most probably a result of microbial consumption. High nitrogen concentrations appeared in the form of ammonium, which indicated pronounced ammonification while the parallel low nitrate indicated denitrification activities. High iron values were suggested to result from the natural sedimentary background, buried car wrecks via iron reduction during periods of anoxia. At low pH (< 6), along with low oxygen concentrations, the reoxidation of Fe(II) is slow (Stumm & Morgan 1996) , which may explain the high iron concentrations in solution with the simultaneous presence of trace amounts of oxygen. HOC and monoaromatic hydrocarbons such as BTEXs were found in the nanomolar range (Table 1 ). The uncoupled groundwater table fluctuations observed for the landfill and the surrounding aquifer indicate that parts of the landfill aquifer were hydrologically not well connected with the adjacent aquifer (Fig. 3) .
The ISSEM
The ISSEM is aimed at a better understanding of the distribution and ecology of subsurface microorganisms. It was designed for the simultaneous inves- , where CC is carbon content and V is biovolume; see Loferer-Krößbacher et al. (1998) . Values are always means of at least 200 individual measurements Fig. 6 . Ratios of attached to suspended bacteria for the exposed sediments at the 3 investigation sites over an investigation period of 14 wk and an additional sampling after a total incubation period of 10 mo. Values are means ± SD tigation of suspended and attached microbial communities in shallow saturated aquifers. It combines the introduction of a natural substratum to the saturated subsurface and -contrary to the classical approach in well water -its exposure to true groundwater, which is pumped through the microcosm at flow rates comparable to natural conditions. Exposed sediments are therefore suggested to be exclusively colonized by indigenous groundwater microorganisms, and the subsequent development of biofilms, as well as the distribution of the microbes, can be followed over time by subsampling porewater and sediment from the microcosm. The only prerequisite for the application of the ISSEM is a multi-level monitoring well with an appropriate inner diameter (≥ 5 cm). At present, a major drawback of the system is the subsampling of sediment, which generally takes 2 to 3 min and requires withdrawal of the microcosm from the well. Thus, the brief disturbance of the microbes associated with the incubated sediment does not allow the current version of our ISSEM to be applied to strictly anoxic environments. Consequently, the data obtained at the temporarily hypoxic landfill site have to be interpreted with care, although oxygen concentrations never dropped to zero during our field experiments. A similar idea of a groundwater microcosm, i.e. the exposure of substratum to freshly pumped groundwater, was also stressed by Dodds et al. (1996) . The so-called microcosm for aquifer experiments (MAX) consisted of a box filled with substratum that was continuously flushed with freshly pumped groundwater from a well. As the MAX stays outside the aquifer, it requires relatively high flowthrough rates of pumped groundwater to keep in situ temperature conditions.
Groundwater versus well water
Preliminary investigations carried out at PI 92 and OMV 11 in spring 1998 showed no significant difference between the 2 sites with respect to the total number of suspended bacteria in aquifer porewater (true groundwater) and bacteria in the well water, whereas the abundance of suspended cells was found to be higher in well water compared with the aquifer water at each site (data not shown). During the time of sediment exposure (40 wk), the bacterial abundance in well water at OMV 11 was found to be on average 6 times higher than cell densities observed in the pristine true groundwater (PI 92) ( Table 2) . These results clearly support earlier findings (McNabb & Mallard 1984 , Hirsch & RadesRohkohl 1988 ) and emphasize that well water samples are not representative of groundwater.
Colonization of exposed sediments
In oligotrophic aquatic environments, such as the pristine saturated subsurface, growth at sediment surfaces is hypothesized to be a selective advantage compared to life in free solution (Kjelleberg & Hermansson 1984 , Bachofen et al. 1998 ). Macromolecules and organic compounds tend to accumulate at surfaces, which subsequently may lead to better access to nutrients (Zobell 1943 , Marshall 1976 , Mortland 1985 . Limiting nutrients may further become available by dissolution of the mineral surface subsequent to colonization (Rogers et al. 1998 , Bennett et al. 2000 . Attached microorganisms furthermore may form synergistic communities, which can perform combined processes that individual species cannot (Fletcher 1984 , Beveridge et al. 1997 ). Last but not least, biofilms may provide protection against toxins and shelter from predation (Caron 1987) . For almost 50 yr, there has been evidence that attached bacterial communities dominate the pristine subsurface by numbers and biomass as compared to their suspended counterparts. Even organically polluted aquifers seem to be dominated by the attached microbial community, although nutrients may be present in excess (Harvey et al. 1984) . Ratios of attached to suspended bacteria, reported for subsurface environments, range from 4:1 (Wolters & Schwartz 1956 ) to 10 000:1 (Albrechtsen 1994 , DVWK 1997 . Similar observations were made in laboratory microcosm studies (Holm et al. 1992 , Lehman et al. 2001a .
Regardless of the different nutrient conditions, incubated sediments were rapidly colonized by bacteria at all 3 investigation sites. Colonization patterns were highly similar at the nutrient-poor sites PI 92 and OMV 11, both peaking in number of attached bacteria after 6 wk of exposure (Fig. 4B) . A similar picture was obtained by Marxsen (1982) , who followed the colonization of sediments incubated in well water of a pristine sandy aquifer. In contrast, colonization patterns at the landfill site (OMV 5) showed a stepwise increase in the number of attached bacteria with a maximum peak after 10 wk of incubation (Fig. 4B) . Such short-term maxima in total number of individuals during colonization of a new habitat, as observed at all 3 investigated sites, are well known from various fields of ecology and have been found frequently in comparable studies of bacterial attachment to exposed surfaces in aquatic environments (Marxsen 1982 , Golladay & Sinsabaugh 1991 , Scholz & Boon 1993 , Claret 1998a . Interspecific competition, the development of a multi-species community and the depletion of initial nutrient pools, together with limited transport or the establishment of a population of grazing predators, may cause a subsequent balance in the number of attached microorganisms at a much lower level.
As shown for marine sediments, bacteria colonize only a proportion of the available grain surface area and are therefore considered not to be limited by space (Hargrave 1972 , Weise & Rheinheimer 1978 . Assuming a mean surface area of 100 to 300 cm 2 g -1
for the coarse sand fraction used in our ISSEM study (Leichtfried 1985) and a mean area of 0.5 µm 2 covered by 1 typical bacterial cell, it would take 2 to 6 × 10 10 cells to form a unicellular layer. The total number of attached bacteria in our microcosms, as determined after 40 wk of incubation, would therefore correspond to a surface coverage of 0.1 to 0.4, 0.3 to 0.9 and 1 to 3% at PI 92, OMV 11 and OMV 5, respectively. Yamamoto & Lopez (1985) reported ≤1% and Weise & Rheinheimer (1978) found < 5% of the total grain surface to be populated by bacteria in marine sands. Therefore, factors other than surface availability must limit microbial colonization of sediments. The mineral composition of the solid matrix may be one important factor (Scholl et al. 1990 , Rogers et al. 1998 . Bennet et al. (2000) observed bacterial colonization on feldspars and quartz, poor colonization on calcite and no colonization on dolomite surfaces. Sediment used in our ISSEM studies, which is suggested to contain mainly calcite and quartz, was obviously acceptable for bacterial colonization.
Distribution of bacteria in the subsurface
It has already been mentioned above that attachment to particle surfaces is suggested to favor bacterial survival and growth, especially at low nutrient conditions (see also Marshall 1988) . With increasing nutrient concentrations, on the other hand, a decrease in the attached versus suspended cell ratio occurs, which has been demonstrated by Bengtsson (1989) in laboratory microcosms fed by groundwater. Our field data support these findings. The oligotrophic subsurface site PI 92 had highest ratios of attached to suspended cells, followed by the well water site OMV 11, while the lowest ratios were calculated for the contaminated aquifer (OMV 5) (Fig. 6) . Similar observations from contaminated aquifers have been documented by Harvey et al. (1984) , Harvey & George (1987) and Godsy et al. (1992) . Ratios of attached to suspended cells are therefore suggested to be indicative of actual nutritional conditions in aquatic sedimentary environments (Griebler et al. 2001) . However, large differences between the final ratios of attached to suspended bacteria at the investigated sites must be handled with caution. Calculating the percentage of suspended relative to attached cells, i.e. 0.06% at PI 92, 0.13% at OMV 11 and 1.7% at OMV 5, and considering confidence limits, no significant difference is found anymore because of high SDs in bacterial counts.
As a close relation was observed between the number of attached cells and the surface area of sediment particles on a volume basis (Griebler et al. 2001 and references therein), the major part of the bacterial cells is associated with smaller grain-sized fractions. In a study by Holm et al. (1992) , the silt and clay-sized fraction accounted for only 3.9% of sand and gravel aquifer material but carried 58 to 95% of the total bacterial biomass. This finding is also in agreement with investigations of Albrechtsen (1994), who detected 91.9 to 100% of the bacteria in the 1.2 to 100 µm sediment fraction, and Harvey et al. (1984) , who reported that 67 ± 8% of the total microbial population was present in the < 20 µm fraction and 23 ± 6% in the 20 to 60 µm fraction of an aquifer sediment. As we used exclusively the coarse sand fraction (600 to 2000 µm) in the recent exposure experiments, the real ratios of attached to unattached bacteria may even be 1 to 2 orders of magnitude higher.
Attached bacterial biomass
Data on the cell dimension and carbon content of subsurface bacteria are scarce. Marxsen (1982) reported medium cell volumes of attached and suspended bacteria from a pristine sandy aquifer ranging from 0.071 to 0.12 and 0.061 to 0.081 µm 3 , respectively. Converting these biovolumes to cell carbon by applying the same conversion factor as that used in our study (Loferer-Krößbacher et al. 1998 ) results in carbon values of 22 to 35 and 20 to 25 fg C cell -1 , respectively. A few more data are documented for suspended bacteria from unpolluted and polluted groundwater of sandy and gravelly deposits ranging from 0.076 to 0.21 µm 3 (Marxsen 1981) , equivalent to 24-58 fg C cell -1 . Carbon content of attached bacteria from PI 91 and OMV 11, i.e. 20.9 ± 22.8 and 23.7 ± 23.4 fg C cell -1 , respectively, match fairly well with these data. Attached bacteria from the landfill site were found to be considerably smaller. Unfortunately, no image analysis data of the suspended bacterial community are available for a further comparison between the attached and the suspended community. Some studies show attached cells to be larger than suspended ones (e.g. Marxsen 1982) . From our personal experience, this was also true for PI 92 and OMV 11 samples, but groundwater samples from the landfill often contained a conspicuous amount of filamentous bacteria and big spherical cells packed into small aggregates, which were not detected in the parallel sediment samples.
Ecological role of biofilms in the subsurface
Meio-and macroorganisms present in the subsurface (e.g. Isopoda, Amphipoda, Ostracoda, Copepoda, Nematoda) feed mainly on biofilms (Ward et al. 1998) . Nevertheless, because of limited pore space and the scarcity of food, as well as other forcing factors, these organisms appear in only low numbers and biomass. Therefore, their contribution to the cycling of matter seems to be only marginal. Protists may be even more effective consumers of the bacterial biomass, but little information is available on their role in microbial food webs of benthic marine and freshwater habitats. Nevertheless, it has already been shown that protists may substantially contribute to the flux of organic matter by grazing on the benthic bacterial community (Fenchel 1975 , Kemp 1988 , Hondeveld et al. 1992 , Starink et al. 1994 . For subsurface systems, there is almost no information available concerning microbial food webs. In groundwater samples from PI 92 and OMV 11, we frequently detected heterotrophic nanoflagellates (HNF) and ciliates. Nevertheless, their abundance was comparably low, and preliminary grazing experiments failed (Slezak et al. unpubl.) . Considerable numbers of protists have been found at the landfill site OMV 5 only (data not shown). High numbers of protists in organically contaminated aquifers have also been reported elsewhere (e.g. Kinner et al. 1993 , Sinclair et al. 1993 . Grazing on attached bacteria was proved to be an effective feeding mode for benthic protists (Starink et al. 1994 , Eisenmann et al. 1998 , and both stimulating and inhibiting effects of protozoan grazing upon the sediment bacterial community have been found (DeLeo & Baveye 1997 , Kinner et al. 1998 , Kota et al. 1999 . Although bacterial communities in pristine aquifers seem to be bottom-up controlled, top-down effects from protists and meio-and macroorganisms grazing on attached bacteria may occur to a certain extent and become more important with a switch from oligotrophic to nutrient-rich conditions.
